A flashlamp pumped 2.70 m Cr:Er:yttrium scandium gallium garnet (YSGG) laser in a simple Fabry-Perottype resonator has been developed. The emission wavelength of 2.70 m at the laser is easily selected by a specially designed resonator with a dichroic coated mirror. Maximum output energy of 88 mJ with a slope efficiency of 0.167% has been achieved in the free-running regime. In the Q-switching regime using an IR-quartz shutter, a Q-switched pulse of 80 ns, single-pulse energy of 30 mJ, and a slope efficiency of 0.064% have been achieved in TEM 00 mode. Good agreement between a proposed theoretical model and the experimental results is obtained. The optimal output on the 2.70 m emission Cr:Er:YSGG lasers is estimated by a theoretical simulation.
INTRODUCTION
In recent years, research on erbium lasers has attracted a great deal of attention in relation to medical applications [1] [2] [3] [4] [5] [6] . Cr 3+ -codoped Er 3+ on YSGG crystal is an important IR laser material [7] [8] [9] . In particular, the giant short pulse of 2.70 m wavelength obtained with the Cr:Er:YSGG laser offers several advantages: high transmittance in conventional optic fibers, small thermal damage during the ablation of tissues, and proper penetration depth in tissue water.
To the authors's knowledge a detailed theoretical analysis on the performance of flashlamp pumped 2.70 m emission Cr:Er:YSGG lasers has yet to be reported. In this paper, a compact flashlamp pumped 2.70 m emission Cr:Er:YSGG laser is developed and the performance of a laser generating a giant pulse using an IR-quartz frustrated-total-internal-reflection (FTIR) shutter is evaluated experimentally. The resonator of the laser is a very simple and inexpensive Fabry-Perot type and a Q-switched pulse is easily generated regardless of polarization. The long pulse energy, the single short pulse energy, and the pulse width have been measured as a function of the electrical input energy for several output coupler (OC) reflectivities.
In addition, a coupled rate equation for describing a Cr 3+ -codoped Er 3+ system is presented and the energy transfer processes (upconversion and cross-relaxation rates) are taken into account with the flashlamp operation. In the simulation, a realistic transmission function for the Q switch is considered. The rate equation model is clearer and more detailed and technically accurate than previous theoretical methods [10, 11] . The theoretical model based on the rate equation shows strong agreement with the experimental results throughout the pump region. The effects of the electrical input energy, the reflectivity of the OC, and the passive loss in the resonator are investigated by a theoretical analysis. The optimal laser output for the flashlamp pumped 2.70 m Cr:Er:YSGG laser system is estimated by the theoretical model.
EXPERIMENTS AND METHODS
A flashlamp pumped 2.70 m Cr:Er:YSGG laser system is illustrated in Fig. 1 . A Cr:Er:YSGG rod (Er 30 at. % and Cr 1.5 at. %) 80 mm in length and 5 mm in diameter is used as the laser's gain medium. Codoping of Cr 3+ ions in the YSGG host crystal makes possible more energy transfer (ET), permitting radiation of 2.70 m wavelength in the cavity [12] . To set up a compact laser system generating 2.70 m wavelength, the Fresnel loss for a 2.79 m wavelength should be increased in the resonator: namely, the rear mirror (M) is coated for reflectance higher than 99.9% at 2.70 m, with the lowest reflection at 2.79 m less than 10%. The mirror is made of CaF 2 material having a high transmittance at 2.79 m. (see Table 1 )
The FTIR shutter consists of two IR-quartz prism pairs, whose transmittance loss is approximately 10% for 2.7-2.8 m. A piezoelectric material is stacked in truncated sides of each prism. The prism faces are antireflection (AR)-coated to minimize reflective losses at both 2.70 and 2.79 m wavelengths. There is a small air gap between the prisms ͑ϳ1 m͒; the gap thickness is comparable to the depth of the working wavelength penetration outside the surface of total internal reflection.
The operation of the FTIR shutter is performed by a negative control pulse of 300-450 V. The delay time and the width of the negative control pulse are controlled by a high voltage driver. The air gap between both prisms can be oscillated by the negative control pulse: the leading edge increases the gap between both prisms, while the back edge induces a fast decrease of the air gap. This results in a decrease and a fast increase of the transmitted beam, thus acting as an optical shutter in the cavity. The switching time of the FTIR shutter measured using a He-Ne laser is approximately 420 ns, the time of the opened status is around 1.5 s, and the possible repetition rate is not more than 50 Hz [ Fig. 6(b) ].
The output characteristics are investigated for several reflective coatings of the OC from 55% to 77%. An investigation of the output characteristics in the free-running regime is performed without an IR-quartz FTIR shutter in the resonator. Output energy and the pulse duration are measured with a calibrated energy meter (Oriel 70273) and an InSb photodiode having a rise time of 2 -5 ns (EOS IS-001/HS), respectively.
THEORETICAL MODEL
In this section a simple mathematical model is proposed on the basis of the rate equations given below. This model includes two upconversion processes from the 4 ions can be written as [11, 12] 
where N 1 to N 5 are the populations of each level of 4 I 13/2 , 4 I 11/2 , 4 I 9/2 , 4 F 9/2 , and 4 S 3/2 , respectively, whereas T 1 to T 5 are their lifetimes. W 11 and W 22 are the upconversion rates of the 4 I 13/2 and 4 I 11/2 levels, respectively. W 50 and W cr are the cross-relaxation rates of Er and Cr ions, respectively. ⌽ is the photon flux density, is the emission cross section, is the total losses in the resonator, and = cl p / ͓l c + ͑n −1͒l͔ is the speed of light in the active medium. n is the refractive index of the active medium l; l p and l c are, respectively, the lengths of the pumped zone and that of the resonator; and c is the velocity of light in vacuum. (Fig. 2) . The photon flux density ⌽ is calculated by recursively applying the algorithm in Eq. (1) using the MATHEMATICA 5.2 program. The spectral pumping coefficients and total pump rate, respectively, of the xenon flashlamp pumping used in the simulation are measured by a spectrometer (Oceanoptics, Model HR2000) and a current monitor (Pearson electronics, Model 301X) ( Table 2 ). For flashlamp pumping approximately 80% of the radiation emitted by the xenon is absorbed in the spectral range of 0.23-0.565 m. All the levels placed above the 4 S 3/2 level at room temperature show rapid multiphonon relaxation. The pumping rate of the 4 S 3/2 level can be taken as k p5 = 0.77 k tot , where k tot is the total pump rate of the system. The several spectroscopic parameters for the simulation are used as follows: T 1 = 3.4 ms, T 2 = 1. [13] . The total losses per round trip are represented as
where R 1 and R 2 are, respectively, the reflectivity of the rear and partial output coupling laser mirrors; H Q is the one-way optical transmission of the switching curve; and 0 is the total passive loss coefficient. In switching, the total losses as a function of the optical transmittance H Q in Eq. (3) are presented. The optical transmission function can be realistically represented by the following expression:
where H Q low and H Q high are the values of the transmission in the closed and opened status of the Q switch, respectively, and t 1 is the starting point of switching. The two parameters, Q and m, determine the switching time and the time of the opened status of the optical transmission function (where m is an even number). The two parameters are determined by the measured transmittance curve of the FTIR shutter (Fig. 6 ). In addition, we can simulate various slopes and durations of the transmission interval of the Q switch. In the simulation, a fixed optical transmission function with values of Q = 4.4 s and m = 26 is used for a detailed theoretical model.
The energy of a giant pulse is calculated with following expression: 
where h L is the energy of a laser photon and V mode is the laser mode volume in the active medium within the cavity cylinder. The total energy absorbed by the Er:Cr:YSGG crystal during the pump duration ⌬t in the case of polychromatic pumping is given by
where normalized pumping coefficients k pi for absorption bands of Er 3+ in YSGG for an approximately 10,000 K blackbody and the average pump quantum h i are described in Table 2 and V pump is the pumped volume of the active medium. This equation assumes that the incident pump power density is the same at all points.
RESULTS AND DISCUSSION
In this section the experimental results for a compact 2.70 m emission laser system are obtained in the freerunning and Q-switch regimes. The long pulse energy, the single short pulse energy, and the pulse width have been measured as a function of electrical input energy for several reflectivities of the OC. The coupled rate equations for the 2.70 m emission laser system have been evaluated and the passive loss matching to the system has been found. Optimized laser outputs have been described based on the experimental results and on a theoretical model.
A. Stationary Regime
Comparision of the experimental and theoretical results demonstrates the reliability of our mathematical model in the free-running region. The influence of the passive losses and the experimental result for OC 3 ͑R 23 =77%͒
are shown in Fig. 3 show good agreement with the experimental results. However, a discrepancy in the slopes is shown between the experimental data and the nearest best-fit curve especially with increasing input energy. This is attributed to optical damage at the surface of the rear mirror (M) with increasing electrical input energy, when using OC 3 ͑R 23 =77%͒. Regardless of the losses, the slope efficiency increases slowly, but steadily.
Output energy for the reflectance change of the OC and the calculated values at a total passive loss of 0 = 7.6 ϫ 10 −3 cm −1 shown in Fig. 3 are compared in Fig. 4 . The dependencies of the output on the electrical input at a resonator length of 40 cm is shown in Fig. 4 . To achieve optimized reflectance of the OC in a simple oscillator with a dichroic coated mirror, the output is measured for the reflectance of three types of OCs (Table 1) . Here, the maximum supportable electrical input energy ͑E in ͒ is approximately 105 J. The maximum output of 88 mJ at an electrical input energy of 91 J is achieved with a slope efficiency of 0.167% with the output coupler ͑R 22 ͒ for 2.70 m in the free-running regime. As stated in Fig. 3 , the discrepancy of the slope between the experiment and the nearest best fit is due to damage at the surface of the rear mirror. With increasing input energy optical damage is observed at the surface of the rear mirror (M) for OC 3 ͑R 23 =77%͒. Aside from the OC 3 case, excellent agreement between the experiment and simulation for the reflectance of the mirror (OC) is obtained, as shown in Fig. 4 . This demonstrates that the mathematical model can be used to predict unknown experimental results.
In the simulation, doping parameter values of N Er = 3.7ϫ 10 21 cm −3 and N Cr = 1.275ϫ 10 20 cm −3 are used for the theoretical calculation. We can now express the electrical input energy ͑E in ͒ as Table 1 ). Slope efficiency is 1 where E abs is the total absorbed energy in Eq. (6) and ele and cavity are the efficiency of the discharge network and the ratio of the radiation emitted by the flashlamp and absorbed by the active medium for high-reflecting pump cavities, respectively. fg and qd are the relative efficiency of free generation and the efficiency of quantum defection for blackbody temperatures, respectively. For the sake of convenience, we have combined all the terms on the denominator of the right-hand side into a relative conversion factor:
K trans = ele cavity fg qd .
͑8͒
With the value of K trans , we can plot the output energy as a function of discharged electrical input energy. The factor K trans can be calculated from the threshold input power and slope efficiency. In this case K trans is 0.117.
B. Q-Switch Regime
The temporal profiles of the trigger signal, the control pulse operating a piezo material, transmission of the IRquartz shutter, and a 2.70 m single pulse are shown in Fig. 5 . The duration of the giant pulse is about 80 ns (FWHM). As shown at the transmittance of the He-Ne laser of Fig. 5(c) , three pulses can be generated by oscillation of the shutter when the phase of the oscillation is in discord with the backedge of the induced control pulse. The operating principle of FTIR is related to the resonance control. In the experiment and method section it was found that the leading and back edges of the negative control pulse, respectively, increases and decreases the air gap of FTIR shutter. When the back edge of the negative control pulse is tuned to correspond to the oscillation phase of the FTIR shutter, the FTIR shutter is operated quickly, and operation of a single-pulse becomes possible. Tuning of the back edge is possible by changing the control-pulse width.
The transmission curve profile of the He-Ne laser is represented as a function of the control-pulse width in Fig. 6(a) . Figure 6(b) shows the single transmission pulse of the He-Ne laser. Tuning of the control-pulse width reduces the following second or third transmittance pulses, and a single transmission pulse has been achieved at a control-pulse width of 16 s. The switching time and the time of the opened status of the FTIR shutter measured by the single transmission pulse, respectively, are 420 ns and 1.5 s.
The simulation results as a function of the total passive losses and the experimental Q-switched results for the OC 1 ͑R 21 =55%͒ case are presented in Fig. 7 . The delay between the control pulse and trigger signal affects the population of the upper level ͑ 4 I 11/2 ͒. To obtain maximum single-pulse energy, a trigger-signal delay time ranging from 80 to 135 s is investigated at a fixed control-pulse width of 16 s. The maximum output energy of 30 mJ at an electrical input of 103 J is achieved with a duration of 80 ns in TEM 00 mode after a delay of 135 s. It is predicted that single-pulse energy with utilization of OC 3 ͑R 23 ͒ is higher than that with OC 1 ͑R 21 ͒. In using OC 3 , however, optical damage is observed at the surface of the rear mirror (M). Thus the experimental results are limited to the OC 1 ͑R 21 ͒ case. The FTIR Q switch operates at 1 Hz.
The dependence of the threshold on the passive loss is very sizable and, regardless of the losses, gradual saturation is shown overall. In the ideal case ͑ 0 =0͒, the best Q-switch efficiency as a function of the electrical input can be obtained. In our model the parameter values of the transmission function, m = 26, Q = 4.4 s, H Q high = 0.95, and H Q low = 0.05, are determined by the transmission curve of the He-Ne laser shown in Fig. 6(b) . The start point ͑t 1 ͒ of the FTIR Q switch is fixed to 135 s corresponding to the end of the free generation pulse. Thus the simulation model agrees with the experimental results ͑ 0 = 7.6 ϫ 10 −3 cm −1 ͒ in the Q-switch regime. In addition, in Fig. 8 the dependency of the output energy on the reflectivity of the mirror (OC) at an electrical input energy of 91 J is simulated for our model in the free-running and Q-switch regimes. Estimated maximum output energy of 98 mJ can be achieved at a reflectance of 80% in the free-running regime. In the Q-switch regime maximum single-pulse energy of 23 mJ can be expected at a reflectance of 70%. The discrepancy between the experimental and simulation results at the reflectance of 77% is due to optical damage at the surface of the rear mirror.
CONCLUSIONS
A flashlamp pumping 2.70 m Er:Cr:YSGG laser suitable for medical applications was developed in a simple Fabry-Perot type resonator. Single-pulse energy of 30 mJ with a pulse duration of 80 ns using IR-quartz has been achieved at an output coupler reflectance of 55%. The slope efficiency was 0.064% and the Q-switched to freerunning pulse energy ratio was approximately 34%.
We presented a rate-equation model including upconversion rates (W 11 A discussion of the influence of various parameters on the laser output was presented, based on the spectral and temporal parameters of the flashlamp and a realistic transmission function of the IR-quartz shutter. Passive loss of 7.6ϫ 10 −3 cm −1 was obtained in the laser system model including the dynamical transition of the rate equation. Optimized long pulse energy of 98 mJ and short pulse energy of 23 mJ were estimated at E in = 91 J in the laser system. The results of the model were used to explain the experimental results available in the literature. Table 1 ). Fig. 8 . Output energy versus mirror reflectivity: calculated curve for long and short pulses, respectively (with triangle and square symbols), and measured long pulse energy (star symbol) with reflectances of 55%, 68%, and 77% at E in =91 J.
